Active galactic nuclei (AGN) are believed to be promising candidates of extragalactic cosmic-ray accelerators and sources, and associated high-energy neutrino and hadronic gamma-ray emission has been studied for many years. We review models of high-energy neutrino production in AGN and discuss their implications for the latest IceCube observation of the diffuse neutrino intensity.
Introduction
Active galactic nuclei (AGN), which are powered by accretion of mass onto supermassive black holes (SMBHs) at the center of their host galaxies and/or the rotational energy of SMBHs, are the most luminous persistent sources of electromagnetic radiation in the Universe. They have also been of interest as powerful high-energy cosmic-ray accelerators (CRs), including ultrahigh-energy cosmic rays (UHECRs). High-energy neutrinos from AGN have been discussed since the late 70s at least. [1] [2] [3] If protons are accelerated by e.g., the diffusive shock acceleration mechanism, because the optical and X-ray radiation density is rather high in the vicinity of a SMBH, the CRs may efficiently interact with the ambient photons. Early models that attempted to interpret X-ray emission with pair cascades 4 led to very large diffuse neutrino intensities. [5] [6] [7] The X-ray origin is now thought to be Comptonized disk emission 8 and the originally predicted fluxes have been largely constrained by neutrino observations themselves. 9 However, these early models motivated the searches for cosmic high-energy neutrinos with water-or ice-Cherenkov detectors.
Both observational and theoretical multi-wavelength efforts have helped us understand the physics of AGN, which also lead to different proposals for CR acceleration and associated neutrino production in AGN. In particular, radio-loud AGN and their on-axis objects "blazars" are most widely discussed as powerful nonthermal sources. 10 Our gamma-ray view of blazars has been drastically enriched by EGRET on the Compton Gamma ray Observatory, Fermi, and various groundbased Cherenkov telescopes. They are the dominant sources in the extragalactic gamma-ray sky, 11 which has tempted us to speculate that the radio-loud AGN including blazars are powerful accelerators of protons as well as electrons. [12] [13] [14] [15] [16] [17] The origin of gamma-ray emission is still under debate even in the Fermi era. The standard explanation is inverse-Compton emission by non-thermal electrons (leptonic scenario), [18] [19] [20] [21] but lepto-hadronic scenarios have also been exploited to explain BL Lacertae objects (BL Lacs), 19, 22, 23 quasar-hosted galaxies (QHBs) including flatspectrum radio quasars (FSRQs), [24] [25] [26] [27] Fanaroff-Riley I (FR I) and Fanaroff-Riley II (FR II) radio galaxies. [28] [29] [30] 32, 33 A fraction of BL Lacs, so-called extreme BL Lacs, show very hard gamma-ray spectra, which could be explained by hadronic cascade emission induced by CRs propagating in intergalactic space.
34-38
The IceCube's discovery of cosmic high-energy neutrinos [39] [40] [41] [42] [43] raises new questions about the non-thermal properties of AGN. Is observed gamma-ray emission produced by high-energy CRs accelerated in blazars and radio galaxies? Do AGN make a dominant contribution to the observed diffuse neutrino intensity? Are they the sources of UHECRs? In this article, we discuss possibilities of neutrino production in AGN, with a focus on recent studies in light of the IceCube data. AGN, especially radio-loud AGN, have been excellent targets of multi-wavelength observations. We will see that they are also promising targets of the multi-messenger astronomy.
Models of AGN Neutrino Emission
It is convenient to divide AGN into radio-quiet and radio-loud AGN. In the radioloud objects, the emission contribution from jets and bubbles or lobes is prominent especially at radio wavelengths. In the radio-quiet objects, the continuum emission comes from core regions within ∼ 1 − 100 (GM BH /c 2 ) since jet and jet-related emission are weak. We first consider neutrino production in CR accelerators. The accelerators can be AGN jets of radio-loud AGN, or AGN cores of both radio-loud and radio-quiet AGN. Next, we consider the fate of CRs escaping from accelerators, and discuss neutrino production in CR reservoirs or during CR propagation.
The diffuse neutrino intensity from extragalactic AGN is given by
where dn s /dL ν is the neutrino luminosity function of the sources (per comoving volume per luminosity) and z max is the maximum value of the redshift z for a given source class. To make model predictions for the diffuse neutrino intensity, it is necessary to relate the calculated neutrino luminosity to the observed photon luminosity at some energy band. In addition, one needs to normalize the CR spectrum. It is ideal to calculate CR acceleration from first principles, but our present knowledge on particle acceleration is not sufficient. Phenomenologically, the neutrino flux can be normalized by the observed CR data or by the existing gamma-ray data. Or, one can introduce a phenomenological parameter such as the CR loading factor (ξ cr ) to represent the efficiency of CR proton acceleration.
AGN Jets
The most promising site of non-thermal AGN emission is the jet of radio-loud AGN (see Fig. 1 ). Their broadband emission has been studied at multi-wavelengths from radio to gamma rays. In particular, spectral energy distributions of blazars have been measured and modeled for many years. There are two main blazar sub-classes, namely BL Lacs and QHBs (mostly FSRQs). They differ mostly in their optical spectra, and FSRQs display strong broad emission lines, whereas BL Lacs are characterized by optical spectra showing at most weak emission lines or absorption features. Continuum radiation of both blazar classes (FSRQs and BL Lacs) typically consists of two humps (see the left panel of Fig. 2 ). The low-energy hump (peaking in the infrared to soft X-ray band) is well explained by synchrotron radiation from nonthermal electrons. The high-energy hump is conventionally attributed to inverseCompton emission. The spectral energy distributions of high-energy-peaked BL Lac objects (HBLs) are interpreted as synchrotron and synchrotron self-Compton components. In contrast, those of low-energy-peaked BL Lac objects (LBLs) and FSRQs are generally well fit with synchrotron and external inverse-Compton components. External radiation fields are naturally provided by the accretion-disk radiation, its scattered radiation from the broadline region (BLR), and infrared (IR) radiation from the dust torus surrounding a SMBH and the BLR (see Fig. 1 ). Differential luminosity spectra of photohadronic neutrinos from blazars. 44 The muon neutrino spectrum is calculated for s = 2.0 and ξcr = 10, with neutrino mixing. From top to bottom, the radio luminosity varies corresponding to the left panel.
show such broad optical and UV emission lines from the BLR, and the dust torus plays a key role in the AGN unification scheme.
45
High-energy protons may be accelerated by diffusive shock acceleration or stochastic acceleration in a jet. They interact with synchrotron photons provided by non-thermal electrons that are co-accelerated in jets. 17, [46] [47] [48] [49] [50] The effective optical depth to photomeson production is estimated to be
where
rad is the jet synchrotron luminosity at the synchrotron peak E ′ s , r is the emission radius, Γ is the bulk Lorentz factor of jets, and β is the photon index of target photons. Note that primes refer to quantities in the black-hole rest frame. The characteristic energy of protons that interact with target photons with E ′ s is given by E
For BL Lac objects with L s rad ∼ 10 45 erg/s and E ′ s ∼ 10 eV, we have
where δt ′ is the variability time in the black hole rest frame, and β l ∼ 1.5 and β h ∼ 2.5 are the low-energy and high-energy photon indices, respectively. When cooling of mesons and muons is negligible, the characteristic neutrino energy corresponding to
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We immediately see the following features. For a power-law CR spectrum such as E −2 p , the resulting neutrino spectra should be hard since f pγ increases with energy. As an example, let us consider BL Lacs, where external radiation fields are not relevant. As shown in the right panel of Fig. 2 , neutrino spectra of BL Lacs rise up to EeV energies, and the peak energy is much higher than ∼ 1 PeV and the Glashow resonance energy at 6.3 PeV. Second, f pγ is quite sensitive to Γ. This is one of the reasons why blazar neutrino models have large uncertainties in their predictions for the normalization of the neutrino flux.
Next, we consider interactions with external photons provided by the BLR clouds and the IR dust torus. The importance of BLR photons and IR photons for the neutrino production has been studied by several authors. 24, 25, 44, 49 For the calculation, one can use empirical relations between the BLR/torus size and accretion-disk luminosity L AD . 51, 52 Then, assuming an isotropic distribution in the black hole rest frame, the photomeson production efficiency in the BLR is estimated to be
above the pion production threshold energy, where f cov is the covering factor and σ eff pγ is the attenuation cross section of the photomeson production. Similarly, the photomeson production efficiency for CR protons propagating in IR radiation fields supplied by the dust torus is estimated to be
above the pion production threshold energy. Importantly, f pγ does not depend on Γ and δt ′ , which implies that the results on neutrino fluxes are much more insensitive to model parameters compared to the case of internal synchrotron target photon fields. The photomeson production with external radiation fields is important and should not be neglected for luminous blazars such as LBLs and QHBs, leading to spectral bumps in the PeV and EeV range (see the right panel of Fig. 2 ). Note that the accretion-disk emission is also important if τ sc f cov .
Final results of the diffuse neutrino intensity depend on the neutrino luminosity function. It has been suggested that the spectral energy distributions of blazars evolve with luminosity, which is the so-called blazar sequence 51, 53 (see the left panel of Fig. 2 ). In the simple one-zone leptonic model, since f pγ increases with the observed photon luminosity, photohadronic interactions with broadline and IR emission in LBLs and QHBs play an important role. 44 As a result, the neutrino spectrum is roughly expressed by
As shown in the right panel of Fig. 2 , the resulting neutrino spectra are quite hard above PeV energies because of IR photons from the dust torus as well as internal synchrotron photons. One of the advantages of this simple model is that the results are not sensitive to details of the blazar sequence. This is because photohadronic interactions with external radiation fields are dominant, where f pγ is not sensitive to Γ and δt ′ . Also, target photon fields have narrow distributions at UV and IR bands, so that predictions for the neutrino spectral shape are reasonably robust for a given CR spectrum. Note that Eq. (4) typically governs the neutrino spectral shape for HBLs, where external fields are not relevant. Even in such models, as long as the CR spectrum extends to sufficiently high energies, PeV-EeV neutrino detections are crucial to test the models.
In general, relating the neutrino luminosity to photon luminosity is modeldependent. For example, one can abandon the simple one-zone leptonic scenario for observed continuum spectra. Instead, one can adopt lepto-hadronic scenarios, where gamma rays are attributed to proton synchrotron radiation or pγ-induced cascade emission, although huge CR luminosities are usually required. 54, 55 In the lepto-hadronic scenarios, the relationship between the neutrino and photon luminosities is different. 56, 57 One of the appealing points is that the neutrino flux can be calibrated by the gamma-ray flux, and the diffuse gamma-ray intensity could be explained simultaneously with the diffuse neutrino intensity at ∼ 1 PeV.
57
For comparison, predictions of various blazar neutrino models are shown in the left panel of Fig. 3 . Except for an early HZ97 model, the models shown here lie in the range of the MID14 model with ξ cr = 3 − 50. One sees that a hard neutrino spectrum is a generic trend of the blazar neutrino models as long as a flat CR spectrum is used. It is possible to invoke a specific case that explains only neutrino events around PeV energies, 57 but there remains a strong tension with the absence of Glashow resonance events at 6.3 PeV. (Note that electron anti-neutrinos come from π − s produced via higher resonances and multi-pion production.) An obvious solution to reduce this tension is to introduce a spectral cutoff in the CR spectrum. This might be realized if CR acceleration is caused by stochastic acceleration rather than shock acceleration. 58 Explaining ∼ 100 TeV diffuse neutrinos is also possible by adopting a multi-zone emission model. One of the physically motivated models is the spine-sheath model for the AGN jet structure.
59,60
The simple leptonic and lepto-hadronic scenarios of blazars have the problem that the predicted neutrino spectra are too hard to explain sub-PeV events and have tensions with IceCube upper limits above PeV energies. Also, models are being constrained by searches for extremely high-energy neutrinos above PeV energies. 61 In addition, since blazars are rare objects, the absence of auto-and cross-correlation lead to strong constraints, 62, 63 implying that their contribution to the diffuse neutrino intensity is sub-dominant especially below PeV energies.
Note that, even if blazars are not responsible for observed diffuse neutrinos, it does not mean that they are excluded as the main sources of UHECRs. Based on the leptonic scenario, Murase et al. 44 calculated the diffuse neutrino intensity based on the hypothesis that UHECRs are produced in inner jets of radio-loud AGN (where UHECRs can be largely isotropized in bubbles, cocoons, lobes and large scale structures 30 ). The expected diffuse neutrino intensity reaches E 2 ν Φ ν ∼ 
10
−8 GeV cm −2 s −1 sr −1 at 100 PeV energies. Since values of f pγ for external radiation fields are more robust than those for internal radiation fields, the AGN-UHECR hypothesis can be tested in this model.
Recently, it was claimed that a major outburst of the blazar PKS B1424-418 occurred in temporal and spatial coincidence with the 2 PeV neutrino event observed in IceCube. 31 The probability for a chance coincidence is ∼ 5%, so this cannot be regarded as evidence for the blazar origin of IceCube neutrinos. Nevertheless, such the temporal and spatial coincidence can significantly reduce atmospheric backgrounds, and blazar flares are intriguing sources for high-energy neutrinos even if blazars are sub-dominant sources of the diffuse neutrino flux.
Neutrino and gamma-ray emission from blazar jets is boosted by the relativistic beaming effect, and the corresponding high-energy emission from a single radio galaxy is expected to be weaker. Nevertheless, the diffuse flux could be comparable because the absence of the boost for off-axis observers can be compensated by the number density, 44 and nearby radio galaxies such as Centaurus A are observed at multi-wavelengths. Although the origin of TeV gamma rays is still under debate, spectral energy distributions of radio galaxies also consist of two spectral humps, suggesting an emission mechanism similar to that of blazars. Photohadronic production of high-energy neutrinos in jets of radio galaxies has been discussed in the literature. [64] [65] [66] However, as in the blazar case, predicted neutrino spectra are too hard to explain the IceCube data for a flat CR spectrum.
Note that pp interactions are not important in inner jets, although they could be relevant for blazar flares in some specific setups (e.g., jet-star/cloud interactions) or AGN core emission.
67-69 Assuming high gas densities in the steady jets leads to serious energetics problems. 24 Radio-loud AGN have large scale jets at kpc scales. For such a large scale jet, observations of X-ray knots suggest column densities of N H ∼ 10 20 -10 22 cm 2 , implying an effective pp optical depth f pp ∼ 10 −4 N H,21 for a jet propagating with one-third the speed of light. While CRs in the jet are advected, sufficiently high-energy CRs can escape from the jet and can be confined in the ambient environment. 44, 70 This possibility will be discussed later. In addition, highenergy CRs may also be accelerated at jet-cocoon boundaries, or hot spots, cocoon shocks, and radio lobes of FR II radio galaxies. Although they could even be relevant for UHECR production, the neutrino production there is usually inefficient. 
AGN Cores
Both radio-loud AGN and radio-quiet AGN typically show X-ray emission. The cosmic X-ray background, which is much larger than the cosmic gamma-ray background, is known to be dominated by AGN, especially Seyfert galaxies. Seyferts and quasars (mostly radio-quiet AGN) show so-called blue bumps at the UV band, which are naturally explained as multi-color blackbody emission from geometrically-thin, optically-thick accretion disks. 72 On the other hand, hard X-ray emission is naturally explained as Comptonized emission 8 by hot thermal electrons with T ∼ 10 9 K. It is believed that hot coronae are powered by the accretion disk via e.g., magnetic reconnection.
Although the hadronic interpretation of the observed X-ray emission is disfavored by e.g., the existence of a spectral cutoff in the spectrum, one may still consider possibilities of CR acceleration near the accretion disk. Assuming the standard disk photon spectrum, the photomeson production efficiency for CR protons interacting with accretion-disk photons around the maximum disk temperature kT max is estimated to be 44, 58 f pγ ∼ 600 L AD,46.5 (kT max /20 eV)
Thus, if CRs can be accelerated, they are efficiently depleted and high-energy neutrinos should be produced. The typical accretion-disk temperature is ∼ 10 eV, so the neutrino spectrum resulting from pγ interactions with the accretion-disk photons is expected to have a peak at PeV energies. 5 Note that pp interactions are less important at high energies 5,7 since X-ray observations indicate a column density of N H ∼ 10 20 −10 24 cm 2 . Since CRs are depleted in the AGN core models, the neutrino flux is often normalized by X-ray and gamma-ray observations, 73 and the earlier models have overestimated neutrino production by many orders of magnitude.
9,43
The CR acceleration mechanism is not clear in the AGN core models. Shock dissipation may occur 3, 7 but CR acceleration will be inefficient when the system is radiation-dominated. When the accretion rate is high enough, protons and electrons are thermalized via Coulomb scattering within the infall time. Stochastic acceleration is unlikely in the bulk of the accretion flow, although non-thermal proton acceleration in the corona may be possible. 74 Perhaps, electrostatic acceleration might operate, but the formation of a gap around a SMBH seems difficult except for sufficiently low-luminosity objects starved for plasma. 75 Another type of AGN core model was suggested by Kimura et al. 69 for low-luminosity AGN (LL AGN). Contrary to Seyferts and quasars, LLAGN do not have standard or slim disks, since their spectra show no blue bump. 76 Instead, their radiatively inefficient accretion flows (RIAFs) 77 are expected to be collisionless, 78 where particle acceleration may be possible via turbulence or magnetic reconnection. 79 If CRs are accelerated by either stochastic acceleration or magnetic reconnection or electrostatic acceleration, high-energy neutrinos can be produced via both pp and pγ interactions, 69,82 which may be responsible for the neutrino data in the 10-100 TeV range (see the right panel of Fig. 3) .
AGN core models may explain the IceCube data, 69,80-82 and such hidden CR accelerators are suggested by the latest IceCube data. 83 However, all the models have large uncertainties. Both the flux normalization and maximum energy depend on model parameters and underlying assumptions. Although the luminosity functions, which are based on the observational data, are relatively well-known, the influence of the model uncertainties is stronger. The number densities of radio-quiet AGN (n s ∼ 10 −3 Mpc −3 ) and low-luminosity AGN (n s ∼ 10 −2 Mpc −3 ) are much higher than the number densities of blazars (n s ∼ 10 −7 Mpc −3 ) and radio-loud AGN (n s ∼ 10 −4 Mpc −3 ). Thus, the AGN core models are presently allowed by neutrino tomography constraints based on searches for neutrino event clustering.
AGN in Cosmic-Ray Reservoirs
AGN may be important as CR accelerators, even if AGN themselves are not strong neutrino or gamma-ray emitters. Radio-loud AGN are the most popular CR accelerators, and high-energy CRs and possibly UHECRs may come from jets, hot spots, cocoon shocks and lobes. Radio-quiet AGN may also have weak jets, which can also supply high-energy CRs and possibly UHECRs. 84 In addition, disk-driven winds including ultra-fast outflows can serve as CR accelerators. 44, 70 AGN are often located in galaxy clusters and groups, which have magnetic fields of B ∼ 0.1 − 1 µG. Low-energy CRs escaping from AGN can be confined in the large scale structure containing galaxy assemblies for ∼ 1 − 10 Gyr, and produce neutrinos and gamma rays. 85 In this scenario, the dominant process is pp interactions with intracluster or intragroup gas. Using typical intracluster densitiesn ∼ 10 −4 cm −3 , with a possible enhancement factor g ∼ 1 − 3, we obtain 70,86
where t int is the duration of hadronic interactions. Murase et al. 86 suggested that CRs above the second knee may come from such galaxy assemblies, while CRs below the second knee are confined in the reservoirs and should produce neutrinos and gamma rays. The case of UHECR production by AGN in clusters and groups was also studied. 87 Interestingly, these models predicted a diffuse neutrino intensity E 2 ν Φ ν ∼ 10 −9 − 10 −8 GeV cm −2 s −1 sr −1 , which may explain the high-energy neutrino data, although the contribution to the diffuse gamma-ray intensity is subdominant. 86, 88 Several authors 86, 87 showed a model for a central point source, where the neutrino flux is somewhat enhanced because of the higher intracluster density in the cluster/group center. Interestingly, high-energy gamma-ray emission from the Virgo cluster center around the radio galaxy M87 can be explained by pionic gamma rays produced by interactions with the intracluster gas. 89 In reality, AGN have finite lifetimes of ∼ 1 − 10 Myr, and they may not be located at the center. In the limit that CRs are injected over the whole reservoir, the neutrino spectrum is close to the injection spectrum up to the diffusion break energy, above which it becomes steeper. Note that low mass clusters and groups, which allow us to have positive redshift evolutions, are needed for the scenario to be consistent with other gamma-ray constraints a , including those from the gamma-ray background anisotropy and individual cluster observations. 70,90 Also, AGN are not the only CR accelerators in this scenario. Not only radio-loud AGN but also radio-quiet AGN, transients in galaxies (such as supernovae and gamma-ray bursts) can contribute to the resulting neutrino and gamma-ray intensities.
As noted above, before IceCube's discovery, Kotera et al. 87 obtained a required level of the diffuse neutrino intensity, assuming that radio-loud AGN are the UHECR accelerators. Recently, Giacinti et al. 92 attempted to explain the gamma-ray intensity as well as the observed UHECR intensity and diffuse neutrino intensities, assuming blazars without modeling the multi-messenger emission. However, as discussed above, main blazar emission itself is unlikely to be of pp origin. Non-thermal emission from radio-loud AGN including blazars is typically variable, which is most naturally attributed to inverse-Compton or perhaps pγ-induced cascade or proton synchrotron radiation. Thus, in these scenarios, a promising possibility would be that neutrino and gamma-ray emission are mainly produced in CR reservoirs containing radio-loud AGN. In this model, gamma rays from galaxy clusters and groups contribute to the diffuse gamma-ray background significantly, 70 and they are expected to be detected soon or have their emissivity constrained.
90,91
Host galaxies may also be regarded as CR reservoirs. 44 However, powerful jets will leave their host galaxy, whereas weak jets or disk-driven winds from an AGN lie in the galaxy. If CRs are accelerated by these outflows and escape from the AGN, they should interact with interstellar gas until they leave the galaxy. Although hadronuclear production of neutrinos in radio galaxies is expected to be typically inefficient, 69 it can be important when AGN co-exist with starburst galaxies.
44,70
a Although it is argued that the early work predicted much larger diffuse fluxes, 90 actually, the early calculations for only massive clusters 86,88 also show E 2 γ Φγ ∼ 10 −9 − 10 −8 GeV cm −2 s −1 sr −1 , i.e., the level of diffuse gamma-ray intensities is very similar. 
AGN in Intergalactic Space
CRs escaping from AGN further interact with the cosmic microwave background (CMB) and extragalactic background light (EBL). The most famous example is the cosmogenic neutrino production by UHECRs interacting with the CMB. 93 As shown in the left panel of Fig. 4 , 94 cosmogenic neutrinos are expected in the EeV range, although the resulting neutrino intensity depends on the UHECR composition and redshift evolution of the sources. The matter density in intergalactic space is so small that pp interactions in cosmic voids are negligible. Thus, for the production of PeV neutrinos, interactions with the EBL in the UV range are relevant, and the photomeson production efficiency is estimated to be
wheren EBL ∼ 10 −4 cm −3 is the number of EBL photons and d is the particle travel distance. Since the efficiency is tiny, for intergalactic neutrino production to be relevant, optimistic EBL models and large CR luminosity densities are required. 95 As in the blazar case, one has to optimize the CR maximum energy not to overproduce neutrino events above a few PeV energies, and the intergalactic origin of sub-PeV neutrinos is unlikely.
96,97

Discussion and Summary
Radio-loud AGN have powerful jets, which are promising CR accelerators. The spectral energy distributions and luminosity function of blazars have been measured reasonably well. For power-law CR injections, most blazar neutrino models predicted hard neutrino spectra and the peak energy is expected in the 10-100 PeV range. The absence of neutrino events at multi-PeV energies and the lack of auto and cross correlations imply that the simple jet models of radio-loud AGN are already disfavored as the main origin of the observed diffuse neutrinos. More complicated scenarios may be necessary. Possibly, only neutrino events around ∼ 1 PeV could be explained by blazars. 57, 58 Or one can invoke multi-zone emission models and/or introduce non-power-law CR spectra such as a log-parabolic function motivated by stochastic acceleration.
58,59
However, blazars do not have to be dominant sources of the observed neutrinos in IceCube. They may produce very-high-energy neutrinos without explaining the sub-PeV neutrinos because of their hard neutrino spectra. Indeed, some models 44 predict that, in addition to whatever produces the IceCube neutrinos, there might also be a low level of very-high-energy neutrinos from blazars that become prominent above a few PeV energies. In my personal view, searches for 10−100 PeV (or higherenergy) neutrinos with IceCube, KM3Net, IceCube-Gen2, 98 ARA, 99 ARIANNA
100
and GRAND, 101 seem more interesting. Improving sensitivities in this very-highenergy energy range will allow us to constrain a significant part of the parameter space of various blazar neutrino models. In particular, their connection to UHECRs can be critically examined. Apparently, the observed diffuse neutrino intensity is compatible with the Waxman-Bahcall bound for a spectral index s = 2.0.
102
However, in the blazar neutrino models, a flat CR spectrum leads to a hard neutrino spectrum since f pγ increases with energy, so the simultaneous explanation of the observed UHECR and neutrino intensities is difficult. 44, 103, 104 Nevertheless, steeper CR spectra might help. Indeed, the observed diffuse neutrino intensity is also compatible with the nucleus-survival bound for a spectral index s = 2.3
105 (see the right panel of Fig. 4 ). Note that, for blazars to produce UHECRs, the composition is expected to be heavier at ultrahigh energies. Inner jets of FSRQs and FR II galaxies could accelerate protons to ∼ 10 20 eV. However, for such luminous blazars, the IR dust-torus component can deplete UHECR protons and neutrons. 44 Since the photodisintegration cross section is higher, this is even the case for heavy nuclei. On the other hand, inner jets of BL Lacs and FR I galaxies are not powerful enough to accelerate protons to ∼ 10 20 eV, 36 especially in the leptonic model for gamma rays. As a result, the AGN-UHECR hypothesis in the simple model predicts that ∼ 10 − 100 PeV neutrinos large come from FSRQs while UHECRs come from BL Lacs and FR I galaxies.
Not only radio-loud AGN but also radio-quiet AGN can be the sources of diffuse neutrinos. For Seyferts and quasars, if CRs are accelerated in the vicinity of a SMBH, efficient pγ interactions with UV and X-ray photons from the standard accretion disk and corona are expected. Alternatively, LL AGN associated with RIAFs have been considered as potential non-thermal particle emitters, and highenergy CRs may be accelerated by turbulence or magnetic reconnection. Although it is possible for the models to fit the IceCube data, model uncertainties are quite large at present and further theoretical and observational studies may be needed.
In contrast, CR reservoir scenarios have a strong predictive power. In this work, we discussed CR reservoir scenarios involving AGN, which are different from the starburst model. 70 Both radio-loud and radio-quiet AGN embedded in such reservoirs may contribute to the observed diffuse neutrino intensity, and a spectral break due to CR diffusion was expected before IceCube's discovery. 86, 87 Although a part of the parameter space has been constrained by multi-messenger data, it is appealing that the connection between observed CRs above the second knee (that may include UHECRs) and PeV neutrinos is expected in this model. The contribution to the diffuse gamma-ray background would be sub-dominant.
70
AGN are widely considered as promising CR accelerators and neutrino sources. However, many problems related to their non-thermal activities remain unresolved. High-energy neutrinos have provided us with a new probe of the physics of AGN, and detailed comparisons to various theoretical models have been made possible. I hope that further multi-messenger studies will help us solve some of the mysteries, especially the long-standing question whether AGN are the sources of UHECRs.
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